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Thermodynamic analysis of steam reforming of different oxygenated hydrocarbons
(ethanol, glycerol, n-butanol and methanol) with and without CaO as CO2 sorbent is carried
out to determine favorable operating conditions to produce high-quality H2 gas. The results
indicate that the sorption enhanced steam reforming (SESR) is a fuel flexible and effective
process to produce high-purity H2 with low contents of CO, CO2 and CH4 in the temperature
range of 723e873 K. In addition, the separation of CO2 from the gas phase greatly inhibits
carbon deposition at low and moderate temperatures. For all the oxygenated hydrocarbons
investigated in this work, thermodynamic predictions indicate that high-purity hydrogen
with CO content within 20 ppm required for proton exchange membrane fuel cell (PEMFC)
applications can be directly produced by a single-step SESR process in the temperature
range of 723e773 K at pressures of 3e5 atm. Thus, further processes involving wateregas
shift (WGS) and preferential CO oxidation (COPROX) reactors are not necessary. In the case
of ethanol and methanol, the theoretical findings of the present analysis are corroborated
by experimental results from literature. In the other cases, the results could provide an
indication of the starting point for experimental research. At P¼ 5 atm and T¼ 773 K, it is
possible to obtain H2 at concentrations over 97 mol% along with CO content around 10 ppm
and a thermal efficiency greater than 76%. In order to achieve such a reformate compo-
sition, the optimized steam-to-fuel molar ratios are 6:1, 9:1, 12:1 and 4:1 for ethanol,
glycerol, n-butanol and methanol, respectively, with CaO in the stoichiometric ratio to
carbon atom.
ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd.
Open access under the Elsevier OA license.1. Introduction cells for mobile and stationary applications are highly valuedThese days, there is a great concern regarding the depletion of
fossil oil reserves and the pollution caused by the growing
demand for energy generation. In this way, a large-scale
substitution of petroleum-based fuels as well as improved
efficiency in energy conversion is required. In this context, fuel04.
. Lima da Silva).
lu. Published by Elsevier Ldue to their high theoretical efficiency and only steam as by-
product in the case of fuel cells operating with pure H2 [1,2].
Nowadays, 95% of the hydrogen production comes from
steam reforming of natural gas. The expected increased
demand for hydrogen for fuel cell applications, however,
dictates the development of new methods for hydrogentd. Open access under the Elsevier OA license.
Nomenclature
G total Gibbs energy of the system
G0i Gibbs energy of species i at its standard state
ni number of moles of species i
yi mole fraction of species i
R gas constant
T temperature of the system
P total pressure of the system
M, N total number of components and species,
respectively
aik number of atoms of kth component present in
each molecule of species i
bk total number of atomic masses of kth component
in the system
HTi enthalpy of species i at temperature T
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of biofuels (ethanol, glycerol, n-butanol and biomethanol) for
hydrogen production through different processes (steam
reforming (SR), partial oxidation (PO), dry reforming (DR) or
autothermal reforming (ATR)) has the significant advantage of
being CO2 neutral as carbon dioxide released into atmosphere
during biofuel conversion can be absorbed in the growth of
biomass [3e6]. Among the liquid biofuels, ethanol and glycerol
are considered as the promising candidates as hydrogen
sources [7]. Ethanol can be produced renewably from several
biomass sources, including energy plants, waste materials
from agro industries, organic fraction of municipal solid
waste, etc. In the case of glycerol, it has been produced as by-
product during biodiesel production by transesterification of
vegetable oils. It is worth mentioning that 100 tons of glycerol
per 1000 tons of biodiesel are obtained during this process. In
this way, hydrogen production appears as an alternative able
to valorize high amounts of glycerol [8]. Besides ethanol and
glycerol, n-butanol and biomethanol are also being considered
as suitable biofuels for H2 production. Recently, Nahar and
Madhani [4] investigated, by means of a thermodynamic
analysis, the production of hydrogen through the steam
reforming of n-butanol. n-Butanol, also called biobutanol, can
be produced by classical fermentation process and its feed-
stocks include sugar beet, sugar cane, corn, wheat and ligno-
cellulosic biomass [9]. However, biobutanol can also be
produced in a new and potentially more significant way
through the manipulation of biological systems or metabolic
engineering [10]. More recently, the production of n-butanol
from macroalgae has attracted considerable attention
because seaweed is a potentially sustainable and scalable new
source of biomass that crucially does not require arable land
or potable water [11]. Regarding the biomethanol, this term
refers to renewable methanol prepared from biomass-pyro-
lyzed syngas and biogas (CO2þCH4) [5]. It is worth pointing
out that, among the aforementioned potential fuels,methanol
has the highest value for the hydrogen/carbon (H/C) atomic
ratio, which means that its conversion could, in principle,
produce a hydrogen-rich stream with low propensity to
carbon deposition.
In fact, ethanol, glycerol, n-butanol and methanol are all
oxygenatedhydrocarbons.AsshownbyDavdaet al. [12], steam
reforming of oxygenated hydrocarbons is thermodynamically
favorable at lower temperatures than non-oxygenated hydro-
carbons. In this way, steam reforming of oxygenated hydro-
carbons can take place at lower temperatures because it is
more exothermic [13]. In spite of the apparent simplicity of the
stoichiometric reaction for maximum hydrogen production,CxHyOz þ ð2x zÞH2O/ð2x zþ 0:5yÞH2 þ xCO2 (1)
the steam reforming of an oxygenated hydrocarbon involves
a complex reaction system, with undesired reaction paths.
Therefore, the hydrogen selectivity is affected and its
production is limited by the thermodynamic equilibrium. In
order to obtain the maximum hydrogen production, the
conventional steam reforming process has to be carried out in
three steps for proton exchange membrane fuel cell (PEMFC)
applications. The first step involves the conversion of the
oxygenated hydrocarbon into H2, CH4, CO and CO2, followed
by a lower temperature step where CO is converted into CO2
and H2 by the wateregas shift (WGS) reaction:
COþH2O/CO2 þH2 DH0298 ¼ 41:2 kJ mol1 (2)
Since the shift reaction is limited by the thermodynamic
equilibrium, and PEMFC anodemust be fueled by a high-purity
hydrogen stream containing CO at a concentration lower than
20 ppm to avoid platinum catalyst poisoning, an additional
step has to be carried out to further remove carbon monoxide
by preferential CO oxidation. So, in the conventional steam
reforming, besides the reformer and WGS reactor, a third
reactor (COPROX), where the remaining CO is totally converted
into CO2 through the preferential CO oxidation, is also neces-
sary. Nevertheless, widespread commercialization of fuel cell
powered generators would require a compact and powerful
source of hydrogen. Small-scale fuel processors must be
compact and of high efficiency by eliminating unnecessary
components. In this context, sorption enhanced steam
reforming (SESR) provides a promising alternative for single-
step production of hydrogen with a high purity [14]. The
concept of SESR is based on Le Chatelier’s principle in which
the reaction equilibrium will be shifted to favor hydrogen
production upon in situCO2 removal. So, if CO2 generated from
the steam reforming is separated from the gas phase by using
a solid acceptor such as CaO, H2 production can be enhanced
towards completion. In this case, the fuel reactor contains both
the catalyst needed for the reforming process and CaO for the
removal of carbon dioxide. The CO2 capture and the overall
SESR reaction are illustrated in Eqs. (3) and (4), respectively:
CaOðSÞ þ CO2/CaCO3ðSÞ DH0298 K ¼ 179:8 kJ mol1 (3)
CxHyOzþð2xzÞH2OþxCaO/xCaCO3þð2xzþ0:5yÞH2 (4)
In the case of the reaction given by Eq. (4), the corresponding
standard reaction enthalpies for ethanol (C2H6O), glycerol
(C3H8O3), n-butanol (C4H10O) and methanol (CH4O) are 186,
411, 325 and 92 kJmol1, respectively.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2059In the present paper, a thermodynamic analysis of steam
reforming of different oxygenated hydrocarbons (ethanol,
glycerol, n-butanol and methanol) with and without CaO as
CO2 sorbent is carried out to determine favorable operating
conditions to produce fuel cell grade hydrogen. The influence
of steam-to-fuel feed molar ratio and temperature on the
product gas concentration is investigated for both cases. In
the SESR, pressure is varied in order to identify suitable
operation conditions for a single-step process, in which high-
purity hydrogen with CO content within the 20 ppm needed
for PEMFC applications can be directly produced, without
further processes involving WGS and COPROX reactors. The
results are compared with experimental and theoretical data
found in existing literature. Besides, it is well-known that,
during the steam reforming of oxygenated hydrocarbons,
carbon deposition over catalysts is the main cause for deac-
tivation, resulting in low operation durability and activity loss.
In this way, conditions under which carbon formation is
inhibited are established for the conventional steam reform-
ing (SR) (without CaO sorbent) and for SESR. In addition, for
each fuel, the thermal efficiency is evaluated in the conven-
tional SR and SESR processes.2. Simulation methodology
2.1. Gibbs energy minimization method
For a system in which many simultaneous reactions take
place, equilibrium calculations are performed through the
Gibbs energy minimization method (non-stoichiometric
approach). The total free energy of the system, composed of
an ideal gas phase and pure condensed phases, may be
expressed as
G
RT
¼
 XN
i¼1
ni

G0i
RT
þ lnyiP
!
gas
þ 1
RT
 XN
i¼1
niG
0
i
!
condensed
(5)
The problem consists of finding the different values of ni
whichminimize the objective function given by Eq. (5), subject
to the constraints of elemental mass balance
XN
i¼1
niaik ¼ bk k ¼ 1;.M (6)
In the non-stoichiometric approach, the species coexisting
in the system at equilibrium must first be defined. The selec-
tion of plausible products was based on previous experi-
mental observations reported in literature. For each system,
the plausible species as well as the corresponding experi-
mental works used in this compilation are summarized as
follows.
 Ethanol/steam system: ethanol, ethylene, ethane, acetone,
acetaldehyde, acetic acid, CO, CH4, CO2, H2, andH2O [15e17].
 Glycerol/steam system: glycerol, acetaldehyde, ethylene,
ethanol, methanol, ethane, propylene, acetone, acrolein,
formaldehyde, allyl alcohol, propionaldehyde, acetic acid,
CO, CH4, CO2, H2, and H2O [18,19].
 n-butanol/steam system: n-butanol, methyl ethyl ketone,
isopropyl alcohol, butyric aldehyde, propylene, ethylene,ethane, n-butane, 1-butene, cis-2-butene, trans-2-butene,
isobutylene, isobutane, propane, CO, CH4, CO2, H2, and H2O
[20,21].
 Methanol/steam system: methanol, CO, CH4, CO2, H2, and H2O
[14,22].
Besides these gaseous species, the solid phase C (graphite)
was included in the compound basis set. The same operation
conditions were used for the SESR process, except that three
solid phases, CaO, Ca(OH)2 and CaCO3, were added to the
previously described set of plausible species. In this case, for
the initial condition of simulation, CaO was in the stoichio-
metric ratio to carbon atom, that is, CaO/ethanol¼ 2:1, CaO/
glycerol¼ 3:1, CaO/n-butanol¼ 4:1 and CaO/methanol¼ 1:1
(see Eq. (4)). The thermodynamic data necessary for describing
the Gibbs energy of the species were obtained from Refs.
[23e26].
The non-linear programming model comprising the
objective function to be minimized and the constraints is
solved by the Solver function contained in the Microsoft Excel
spreadsheet package. In our previous works [27e29], the
Solver function was shown to be a robust tool, able to solve
convex non-linear optimization problems. A detailed expla-
nation concerning the Generalized Reduced Gradient (GRG)
algorithm and the use of the Solver function in equilibrium
calculations can be seen in [27,28].
In the simulations, the reaction temperature and pressure
were varied in the range of 5001450 K and 1e5 atm. The inlet
steam-to-fuel molar ratio was varied in the range of 1:1e14:1,
1.5:1 e14:1, 2:1e14:1 and 0.5:1e14:1, for ethanol, glycerol, n-
butanol and methanol, respectively. In this way, the lowest
value of the inlet steam-to-carbon (S/C) ratio assumed for all
the fuels is 0.5:1.2.2. Thermal efficiency calculation
In the present study, the calculation procedure for thermal
efficiency is based on the approach developed by He and
collaborators [30]. For converting a fuel into hydrogen by
means of the conventional SR process, the efficiency of the
reaction can be calculated by the following expression:
hSRð%Þ ¼
noutH2 LHVH2
ninfuelLHVfuel þ Qinput;SR þ ninsteamDHlatent
 100 (7)
where noutH2 is the number of moles of H2 in the outlet stream
computed at the equilibrium conditions, ninfuel and n
in
steam are the
number of moles of fuel and steam, respectively, in the inlet
stream. DHlatent is the latent energy of fed steam, and LHVH2
and LHVfuel are the lower heating value of hydrogen and fuel,
respectively. The corresponding values computed for the LHV
of hydrogen, ethanol, glycerol, n-butanol and methanol are
239.2, 1240, 1490, 2444.6 and 651.7 kJmol1, respectively. The
maximum thermal efficiency of converting a fuel with steam
is found by assuming that one mol of fuel yields 6, 7, 12 or 3
moles of H2, for ethanol, glycerol, n-butanol or methanol,
respectively (see Eq. (1)). Nevertheless, as previously stated,
steam reforming of an oxygenated hydrocarbon involves
a complex reaction system, with undesired reaction paths. As
a consequence, themaximumH2 production from a given fuel
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 52060is compromised by the equilibrium boundary, which leads to
lower thermal efficiency. The equilibrium composition and
energy requirement depend on the reaction conditions. In this
way, the energy input in the reaction system, Qinput;SR, is
conveniently treated as the enthalpy change due to the
conversion of the fuel:
Qinput;SR ¼ Hout;T Hin;T (8)
where Hout,T and Hin,T are the outlet and inlet enthalpies,
respectively, in the steam reforming process at a temperature
T. The inlet enthalpy depends basically on the enthalpy of
each species i at a certain temperature ðHTi Þ and the number of
moles of each species in the inlet feed ðnini Þ. In the conven-
tional SR, the inlet stream comprises only one mol of fuel and
a given number of moles of steam (depending on the inlet
steam-to-fuelmolar ratio to be analyzed). After computing the
equilibrium composition at a chosen set of operational
conditions, the number ofmoles of each outlet species ðnouti Þ is
known. Thus, Hout,T and Hin,T can be calculated as follows:
Hout;T ¼
X
i
nouti H
T
i i˛

H2O;CH4;CO;CO2;H2;Cgraphite
	
(9)
Hin;T¼
X
i
nini H
T
i i˛fH2O;fuelðC2H6O;C3H8O3;C4H10OorCH4OÞg
(10)
where
HTi ¼ H298 þ
ZT
T298
CPdT (11)
The enthalpy at 298 K, H298, of the state of the elements
which is stable under these conditions is set to zero by
convention, and the heat capacity at constant pressure, CP, is
described by a polynomial [24].
In the case of the SESR, the procedure to calculate the
thermal efficiency is similar to that described for the
conventional SR. However, the energy input in the SESR
process, Qinput, SESR, takes into account both the enthalpy
change due to the fuel and CaO conversion (Hout,THin,T)
and the heat required for regenerating the CaO acceptor
(DHregeneration). Actually, in order to obtain an economically
feasible process, the CO2 acceptor has to be recycled through
carbonation/decarbonation reactions. The decarbonation of
CaCO3, as indicated in Eq. (12), shows that regeneration
requires a certain amount of energy.
CaCO3ðSÞ/CaOðSÞ þ CO2 DH0298K ¼ þ179:8 kJ mol1 (12)
In this way, the energy input in the SESR can be expressed
as:
Qinput;SESR ¼ Hout;T Hin;T þ DHregeneration (13)
Due to the fact that the enthalpy change of the regeneration
reaction (Eq. (12)) varies only slightly with temperature, its
variation is assumed to be negligible in the thermal efficiency
estimation. Thus, for all the values of T, DHregeneration ¼ nCaCO3
ðþ179:8 kJ mol1Þ, where nCaCO3 is the number of moles of
CaCO3 computed at the equilibrium conditions. In Eq. (13),
Hout,T and Hin,T are calculated as indicated in Eqs. (9) and (10),
respectively. However, it should be noted that, in the case ofthe SESR process, the inlet feed comprises one mol of fuel,
a given number of moles of steam (according to the inlet
steam-to-fuel molar ratio considered in the simulation) and
a certain amount of CaO (2, 3, 4 or 1 mol, for ethanol, glycerol,
n-butanol or methanol, respectively). Thus, so as to compute
the inlet enthalpy in the SESR process, it should be considered
that i˛ {H2O, CaO, fuel (C2H6O, C3H8O3, C4H10O or CH4O)} in Eq.
(10). After calculating the equilibrium composition at a given
reaction condition, nouti is determined, and hence the outlet
enthalpy in the SESR can be evaluated by Eq. (9), with i˛ {H2O,
CH4, CO, CO2, H2, C(graphite), CaO, Ca(OH)2, CaCO3}. As can be
observed, the number of moles of solid phases (CaO, Ca(OH)2,
CaCO3), computed at the equilibrium conditions, are also
included in Eq. (9) to calculate the outlet enthalpy in the SESR.
In this way, the efficiency of the SESR process can be esti-
mated as follows:
hSESRð%Þ ¼
noutH2 LHVH2
ninfuelLHVfuel þ Qinput;SESR þ ninsteamDHlatent
 100 (14)
As indicated by Eqs. (13) and (14), the thermal efficiency
depends on the production of hydrogen and the consumption
of the heat for regenerating the CO2 acceptor. It is worth
mentioning that the outlet species concentrations and the
thermal efficiency are determined based only on a thermody-
namic viewpoint. Mass and heat diffusion effects, which
would affect the exothermic carbonation reaction (Eq. (3)), for
example, are not considered in the present approach.3. Results and discussion
3.1. Thermodynamically feasible products
For the steam reforming of all the fuels considered in this
work, themain species present at equilibrium are H2, CO, CO2,
CH4, H2O and C (graphite), over the whole range of tempera-
ture, pressure and inlet steam-to-fuel molar ratio examined in
this work. Even for a temperature as low as 500 K and an inlet
steam-to-carbon (S/C) ratio of 0.5:1, Table 1 shows that the
fuel is completely converted, and other oxygenated species
(such as acetone, acetaldehyde, formaldehyde, acrolein, iso-
propyl alcohol etc.) as well as C2eC4 non-oxygenated species
(ethylene, propane, butane, etc.) exist only at trace amounts in
equilibrium (much lower than 1 ppm). All these species can be
considered as intermediates of the incomplete reforming
reaction and are not thermodynamically stable products.
Their occurrence in experimental work is due to the fact that
the reforming reactions are in practice under kinetic control.
However, suitable catalysts and supports, able to completely
convert the fuel and avoid intermediate products (or convert
these intermediate species too quickly to be detected under
experimental conditions), have been successfully developed
[7,8,15,17,31e33].
3.2. Ethanol/steam system
3.2.1. Product distribution in the gas phase
Fig.1 illustratestheeffectsof temperatureandsteam-to-ethanol
(H2O/C2H6O)molar ratios on the dry basis concentration (mol%)
Table 1 e Product gas concentration (mol%) on a wet basis and moles of C (graphite)/mol of fed fuel, at 500 K, steam-to-
carbon (S/C) ratio of 0.5:1 and P[ 1 atm, for the steam reforming of ethanol, glycerol, n-butanol and methanol.
Species Thermodynamic system
Ethanol/steam Glycerol/steam n-Butanol/steam Methanol/steam
H2 1.23 0.95 1.29 1.11
H2O 54.38 62.85 50.28 57.95
CO 9.8 104 1.5 103 8.7 104 1.2 103
CO2 5.94 13.36 4.67 8.32
CH4 38.45 22.84 43.76 32.62
Ethylene (C2H4) 5.4 1011 3.2 1011 6.4 1011 e
Ethane (C2H6) 5.8 105 2.7 105 6.7 105 e
Propylene (C3H6)
e 1.6 1014 3.2 1014 e
Propane (C3H8)
e e 6.9 1010 e
n-Butane (C4H10)
e e 1.0 1014 e
Isobutane (C4H10)
e e 1.7 1014 e
1-butene (C4H8)
e e 3.8 1019 e
2-cis-butene (C4H8)
e e 1.0 1018 e
2-trans-butene (C4H8)
e e 1.8 1018 e
Isobutylene (C4H8)
e e 5.3 1018 e
Methanol (CH4O)
e 8.4 1010 e 9.1 1010
Formaldehyde (CH2O)
e 7.5 1011 e e
Ethanol (C2H6O) 4.7 1013 3.2 1013 e e
Acetaldehyde (C2H4O) 3.8 1013 3.4 1013 e e
Acetic acid (C2H4O2) 5.6 1010 7.5 1010 e e
Acetone (C3H6O) 1.5 1014 1.0 1014 e e
Glycerol (C3H8O3)
e 2.8 1033 e e
Acrolein (C3H4O)
e 1.3 1017 e e
Allyl alcohol (C3H6O)
e 5.5 1023 e e
Propionaldehyde (C3H6O)
e 7.4 1017 e e
Isopropyl alcohol (C3H8O)
e e 8.0 1017 e
n-Butanol (C4H10O)
e e 6.1 1023 e
Methyl ethyl ketone (C4H8O)
e e 5.5 1019 e
Butyric aldehyde (C4H8O)
e e 2.5 1022 e
C (graphite) 0.66 1.18 1.56 0.18
e Species not considered in that system.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2061ofH2 (a,b),CO (c,d),CO2 (e, f)andCH4 (g,h) intheconventionalSR
(a, c, e and g) and SESR (b, d, f and h).
In the conventional SR process, only small contents of
hydrogen (Fig. 1a) and almost no carbonmonoxide (Fig. 1c) can
be found at low temperatures. However, under these condi-
tions, carbon dioxide (Fig. 1e) and methane (Fig. 1g) are the
mostly occurring species. The carbon dioxide content is
practically constant at w25%, for temperatures below 700 K
and steam-to-ethanol ratios above 3:1. Below this steam-to-
ethanol ratio, CO2 decreases because of the carbon formation.
The methane production was highest at the lowest tempera-
ture, 500 K, due to the exothermicmethanation reactions (Eqs.
(15)e(18)):
2COþ 2H2/CH4 þ CO2 DH0298 K ¼ 247:4 kJ mol1 (15)
CO2 þ 4H2/CH4 þ 2H2O DH0298 K ¼ 164:9 kJ mol1 (16)
COþ 3H2/CH4 þH2O DH0298 K ¼ 206:2 kJ mol1 (17)
Cþ 2H2/CH4 DH0298 K ¼ 74:8 kJ mol1 (18)
The composition of H2 is strongly enhanced with the
increase in temperature. However, no prominent change of H2
concentration can be observed above 850 K because of theinhibition of the exothermic WGS reaction (Eq. (2)). The
hydrogen content in the effluent is at high concentrations of
55e74 mol% for reforming temperatures above 850 K and
increases slightly with raising the steam-to-ethanol ratio.
Besides, for T> 850 K, the concentration of methane is greatly
decreased, and CO2 concentration decreases gradually.
Meanwhile, the concentration of CO increases continuously
with temperature, and it has a maximum at low steam-to-
ethanol ratios and high temperatures (at T> 1000 K and H2O/
C2H6O of 1:1e1.5:1, its concentration is w30 mol%). This
behavior of CO at high temperatures and very low S/C ratios
could be attributed to the reverseWGS reaction (reverse of Eq.
(2)). The observed trends of the species H2, CH4, CO and CO2
with the increase in temperature are inperfect agreementwith
the thermodynamicanalysisvia response reactionscarriedout
by Fishtik et al. [34]. The authors report that the reactions of
methane dry reforming (reverse of Eq. (15)) and steam
reforming (reverse of Eqs. (16) and (17)) are predominant at the
reaction temperatures above 800 K. Besides, experimental
results corroborate these theoretical findings. Li et al. [31]
recently investigated the temperature effect on the product
gas composition (%) during ethanol steam reforming over
NiMg6 catalyst, for H2O/C2H6O molar ratio of 6:1. With
increasing temperature from 723 to 973 K, those authors
observed that the composition of CO2 and CH4 gradually
Fig. 1 e Effects of temperature and steam-to-ethanol ratio on the product gas concentration (mol%, on the dry basis). (a, b) H2,
(c, d) CO, (e, f) CO2 and (g, h) CH4. The plots (a, c, e, g) are for the conventional SR (without CaO) and (b, d, f, h) for the SESR
process. P[ 1 atm.
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Taking into account these same conditions adopted by Li et al.,
our theoretical results indicate that H2 and CO concentrations
increase from 49.5 to 71.6 and 1.2 to 12.3 mol%, respectively,
while CO2 and CH4 concentrations vary from 24.1 to 15.8 and25.0 to 0.27 mol%, respectively. These theoretical values are
close to the experimental ones reported by those authors. In
fact, the thermodynamic results showninFig. 1(a, c, e andg) for
the conventional SR of ethanol can be validated with several
experimental data found in literature. For instance, Profeti
Fig. 2 e Moles of solid phases (CaO, Ca(OH)2 and CaCO3)
formed per mol of ethanol and product gas concentration
(mol%, on the dry basis) for different steam-to-ethanol
molar ratios at (a) 500 K, (b) 830 K and (c) 1050 K. P[ 1 atm.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2063et al. [7] investigated the catalytic activity of Ni/CeO2eAl2O3
catalysts promoted with noble metals (Pt, Ir, Pd and Ru) for
ethanol steam reforming at 873 K, using an inlet H2O/C2H6O
molar ratio of 3:1. They observed that the composition of the
gaseous product remained approximately constant during the
experiment at 60% H2, 10% CO, 20% CO2 and 10% CH4, irre-
spective of the presence or nature of the noble metal. Under
these conditions, the results thermodynamically predicted in
the presentwork are 62%H2, 11%CO, 16%CO2 and 10%CH4. He
et al. [35] evaluated the catalytic activity andstability of a series
of CoeNi catalysts derived from hydrotalcite-like materials
during ethanol steam reforming at 848 K with steam-to-
ethanol molar ratio of 6:1. For the different catalysts, the
gaseous product distribution was: 67e70% H2, 14e18% CO2,
3.4e4.5% CH4 and 7.1e13.7% CO. This composition is fairly
close to the thermodynamic equilibrium computed in the
present study: 67.8% H2, 20.1% CO2, 5.5% CH4 and 6.5% CO. In
anotherwork, Zhang et al. [36] verified that the Ir/CeO2 catalyst
kept rather stable for more than 300 h on stream at 923 K, for
the inlet H2O/C2H6O molar ratio of 3:1. The concentrations of
H2, CO2 and CO were about 71%, 11% and 17%, respectively.
Such values compare reasonably well with the equilibrium
composition computed in the present work: 66.5% H2, 12.8%
CO2, 16.2%CO.At this same temperature, butwithan inletH2O/
C2H6O molar ratio much higher (13:1), Deng et al. [33], using
a NiO/ZnO/ZrO2 catalyst, obtained a product distribution of
74.3% H2, 19.6% CO2, 6.1% CO and 0% CH4, which is in agree-
ment with our theoretical results: 73.6% H2, 21% CO2, 5.3% CO
and0.1%CH4. In thisway, it is clearlyseen that thermodynamic
analysis can be used as a benchmark to compare the experi-
mental results. It is worth mentioning the significant effect of
water on the equilibriumconcentrations of the products in the
conventional SR. The addition of water increases the H2 and
CO2 production while reducing the CO and methane concen-
trations. Methane is reformed according to the reverse of Eqs.
(16) and (17) to produce CO or CO2 and H2 [37], and the WGS
reaction (Eq. (2)) is influenced to react towards less carbon
monoxide. As can be observed, the reforming temperature has
to be high enough in order to obtain a stream with high
hydrogen content in the conventional steam reforming.
However, it should be noted that elevated temperatures also
promote the CO production, which is undesirable. Thus, the
H2O/C2H6O molar ratio should be increased so as to minimize
the CO formation.
In the SESR process, the hydrogen concentration (Fig. 1b) is
greatly enhanced, achieving a concentration as high as
99.9 mol%. In the temperature range of 723e873 K, for inlet
H2O/C2H6O ratios greater than 4:1, the H2 concentration is over
97%. However, for temperatures above 950 K, the H2 concen-
tration decreases with the increase of temperature, which
indicates that the CO2 separation from the gas phase is no
longer favored because the adsorption reaction of CO2 (Eq. (3))
is exothermic and inhibited at high temperatures. For
T> 1000 K, theH2 concentration is in the range of 65e73 mol%,
similar to conventional SR. It should be noted that the H2
content also decreases for temperatures lower than 700 K,
when the inlet steam-to-ethanol ratio is very low (1:1e2:1). In
this case, lowering temperature increases the affinity between
CaO and steam (see Eq. (19)) and less CaO is available to
capture CO2.CaOþH2O/CaðOHÞ2 DH0298 K ¼ 109:2 kJ mol1 (19)
However, even at a temperature as low as 500 K, for
example, it can be seen from Fig. 1b that, as the inlet steam-to-
ethanol ratio is increased, the H2 production is significantly
favored. At 500 K, its concentration increases from 4.4 to 73%,
with increasing the H2O/C2H6O molar ratio from 1:1 to 10:1.
This trend could be explained by the fact that, in the presence
of significant amount of steam, CO2 can react with Ca(OH)2, as
shown in Eq. (20).
CaðOHÞ2þCO2/CaCO3 þH2O DH0298 K ¼ 70:54 kJ mol1 (20)
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 52064Comparatively, Fig. 1a shows that, in the conventional SR, at
500 K and for the H2O/C2H6O molar ratio equal to 10:1, the H2
concentration is lower than 10%. With respect to the CO, at
temperatures below 950 K, its concentration in SESR is lower
than that in conventional SR (compare Fig. 1c and d). The
enhancedWGS reaction (Eq. (2)) due to CO2 adsorption results
in a decrease of the CO production, accompanied by an
increase in H2 concentration. At higher temperatures,
however, the CO concentrations in SR and SESR have a similar
tendency. The effect of CO2 adsorption on the reduction of
carbon dioxide concentration in the gas phase at tempera-
tures below 1000 K is noteworthy (compare Fig. 1e and f).
Nonetheless, there are similar CO2 concentrations in both SR
and SESR at higher temperatures. It should be noted that the
reduction in CO2 and CO in SESR favors the methane steam
reforming reactions (reverse of Eqs. (16) and (17)). This is the
reason why the CH4 concentration is greatly reduced at
temperatures below 873 K, for inlet H2O/C2H6O ratios greater
than 4:1 (compare Fig. 1g and h). Nevertheless, at low
temperatures (close to 500 K) and for very low inlet steam-to-
ethanol ratios (1:1e2:1), the CH4 concentration from SESR is
greater than that from SR. Under these conditions, as previ-
ously discussed, H2O more easily reacts with CaO to form Ca
(OH)2 (see Eq. (19)). As a consequence, the inhibition of
methane steam reforming leads to higher CH4 concentrations.
However, for inlet H2O/C2H6O ratios greater than 4:1, even at
500 K, the methane content obtained from the SESR process is
significantly lower than that from the conventional SR,
because, in the presence of steam, CO2 can be captured by the
Ca(OH)2, according to Eq. (20).
Fig. 2 depicts the gas phase composition along with the
number of moles of solid phases (CaO, CaCO3 and Ca(OH)2)
formed per mol of ethanol, at 500, 830 and 1050 K, for
different inlet steam-to-ethanol ratios. Fig. 2a shows that, at
500 K, CaO is converted into Ca(OH)2 and CaCO3. For rela-
tively low values of the inlet H2O/C2H6O molar ratio (1:1 and
4:1), Ca(OH)2 is the predominant solid phase. However, with
increasing the inlet steam-to-ethanol molar ratio, the
amount of Ca(OH)2 diminishes, while the number of moles of
CaCO3 increases, which could correspond to the CO2 capture
by the Ca(OH)2, as indicated by Eq. (20). Under these condi-
tions, the H2 concentration increases significantly, accom-
panied by a great decrease in the CH4 content. From Fig. 2bFig. 3 e Effect of temperature and steam-to-ethanol ratio onmole
P[ 1 atm.and c, it can be seen that, as the temperature is increased, the
Ca(OH)2 phase disappears, which is in agreement with the
exothermic character of the reaction given by Eq. (19). As
shown in Fig. 2b, at 830 K (which is within the temperature
range of 723e873 K, suitable for the SESR, as previously dis-
cussed), for H2O/C2H6O ratios> 4:1, CaO is completely con-
verted into CaCO3, according to Eq. (3), and high-purity H2
(>97%) can be obtained. At higher temperatures, as illus-
trated in Fig. 2c for T¼ 1050 K, CaO remains unconverted, and
the equilibrium gas phase obtained from the SESR is identical
to that from the conventional SR process, since CO2 is not
captured by the CaO. In this way, Fig. 2 illustrates how the
increase in the H2 concentration is correlated to the forma-
tion of the solid phase CaCO3.
From these results, it can be seen that the SESR process
benefits the production of H2-rich gas with less CO, CO2 and
methane, in the temperature range of 723e873 K, for inlet
H2O/C2H6O molar ratios greater than 4:1. Obviously, in prac-
tical operation, the catalyst is required to have high activity at
the low temperatures where CO2 adsorption is favored.
Recently, He et al. [38] carried out SESR of ethanol over
a mixture of hydrotalcite-like material derived CoeNi cata-
lysts and calcined dolomite (mainly CaO) with steam-to-
ethanol ratio of 6:1 at 823 K. The authors reported that the best
result was obtained over 40Ni and 20Coe20Ni/HTLs catalysts,
where the gaseous product had composition ofmore than 99%
H2, 0.4% CH4, 0.1% CO, and 0.2% CO2. This experimental result
is close to the theoretical prediction of the present work:
99.40% H2, 0.46% CH4, 0.05% CO, and 0.09% CO2.
3.2.2. Carbon formation
Fig. 3 shows the effect of steam-to-ethanol molar ratios and
temperature on the number of moles of carbon (graphite) in
the conventional SR (a) and SESR (b). In fact, Fig. 3 can also be
understood as the boundary of carbon formation [28], which is
defined as the minimum inlet steam-to-ethanol ratio, calcu-
lated at a given temperature, necessary to inhibit carbon
deposition. For inlet steam-to-ethanol ratios greater than
those indicated at the boundary of carbon formation, graphite
phase is thermodynamically unpredicted. In the conventional
SR, the limit of the boundary of carbon formation corresponds
to a steam-to-ethanol ratio of w3:1 (500 K). In the case of the
SESR process, this limit for carbon free operation is decreaseds of carbon formed per mol of ethanol in (a) SR and (b) SESR.
Fig. 4 e Effects of temperature and steam-to-glycerol ratio on the product gas concentration (mol%, on the dry basis). (a, b)
H2, (c, d) CO, (e, f) CO2 and (g, h) CH4. The plots (a, c, e, g) are for the conventional SR (without CaO) and (b, d, f, h) for the SESR
process. P[ 1 atm.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2065to w2:1 (900 K). Besides, as can be seen in Fig. 3b, carbon
formation is suppressed at temperatures below w800 K even
at a steam-to-ethanol ratio as low as 1:1. Thus, the SESR
process has very low risk of solid carbon formation. This fact
is directly related to the reduction in CO content. Li [39] also
verified, in his thermodynamic study, that graphite formationis suppressed with CO2 adsorption. According to this author,
the Boudouard reaction
2CO/CO2 þ C DH0298 K ¼ 172:5 kJ mol1 (21)
is shifted backwards because its equilibrium constant is
related to the square of CO concentration.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 520663.3. Glycerol/steam system
3.3.1. Product distribution in the gas phase
Fig. 4 depicts the effects of temperature and steam-to-glycerol
(H2O/C3H8O3) molar ratios on the dry basis concentration (mol
%) of H2 (a, b), CO (c, d), CO2 (e, f) and CH4 (g, h) in the conven-
tional SR (a, c, e and g) and SESR (b, d, f and h). The trends
exhibited by the species in Fig. 4 are very similar to those seen
in the case of ethanol in Fig. 1. In fact, it is worth pointing out
here that all the oxygenated hydrocarbons analyzed in this
work behave similarly during the reforming process. This fact
was expected, since in all the cases themain species present at
equilibriumareH2, CO, CO2, CH4, H2O andC (graphite), over the
whole range of conditions examined in this study. Thus, the
explanation of the gas composition change as operating
conditions (T and inlet steam-to-fuel ratio) vary, based on
chemical reactions, as can seen in Section 3.2 for the ethanol/
steam system, is also valid for the systems involving glycerol,
n-butanol and methanol throughout the Sections 3.3, 3.4 and
3.5, respectively.
As can be observed in Fig. 4a, high temperature and high
inlet steam-to-glycerol ratio favor the H2 production in the
conventional SR process. For inlet H2O/C3H8O3 ratios greater
than 7:1, the H2 concentration is of 64e68% in the temperature
range of 885e1215 K. The maximum number of moles of H2
produced per mol of glycerol is 6.3 (concentration of 68%) in
the temperature range of 885e940 K with a H2O/C3H8O3 ratio
of 14 (note that from Eq. (1) the stoichiometric value is 7 for
glycerol steam reforming). Interestingly, with a H2O/C3H8O3
ratio of 12 at 925 K, the maximumH2 production is 6.2 (67.5%),
which is identical to the value reported by Wang et al. [40].
However, in the SESR process, high-purity H2 (>96%) (Fig. 4b)
can be obtained in the temperature range of 723e873 K for
H2O/C3H8O3 ratios greater than 4:1. Under these conditions, as
a result of the shifted equilibrium in the process with in situ
CO2 removal, much lower contents of CO (compare Fig. 4c and
d), CO2 (compare Fig. 4e and f) and methane (compare Fig. 4g
and h) can be seen in the product gas. For steam-to-glycerol
ratios greater than 6:1, the number of moles of H2 produced
permol of glycerol is greater than 6.8 in the temperature range
of 723e873 K, which corresponds to a H2 concentration of
w99% in a dry basis. He et al. [30] experimentally obtained
hydrogen with purity atw99% by the SESR process of glycerol
with a H2O/C3H8O3 ratio of 9:1 at 848 K, which is in agreementFig. 5 e Effect of temperature and steam-to-glycerol ratio on m
SESR. P[ 1 atm.with our theoretical results. In a recent thermodynamic
analysis, Li et al. [41] reported that under the optimal condi-
tions (900 K, steam-to-glycerol ratio¼ 4:1) H2 at a concentra-
tion of 96 mol% could be achieved. Despite of this fact, it was
reported that H2 at a concentration of 99% can be attained in
practice. In this way, the optimal conditions are shifted
towards higher inlet steam-to-glycerol ratios (6:1e9:1) and
lower temperatures (723e873 K). In Section 3.8, the optimal
operating conditions (production of high-purity H2 with CO
content within the 20 ppm required for PEMFC applications)
will be shown.
3.3.2. Carbon formation
Fig. 5 shows the effect of steam-to-glycerol molar ratios and
temperature on the number of moles of carbon (graphite) in
the conventional SR (a) and SESR (b). In the SR process, the
number of moles of carbon computed as a function of steam-
to-glycerol ratio and temperature is in agreement with the
values presented by Wang et al. [40]. At a moderate temper-
ature of 800 K, for example, an inlet H2O/C3H8O3 ratio of 3:1 is
necessary to prevent carbon formation. In the SESR process,
however, the formation of carbon is dramatically decreased.
In fact, with a steam-to-glycerol ratio as low as 1.5:1, it would
be possible to operate at temperatures lower than 885 K
without any risk of carbon deposition. For H2O/C3H8O3 molar
ratios greater than 2:1, carbon deposition is completely
inhibited over the whole temperature range.
3.4. n-Butanol/steam system
3.4.1. Product distribution in the gas phase
Fig. 6 illustrates the effects of temperature and steam-to-n-
butanol (H2O/C4H10O) molar ratios on the dry basis concen-
tration (mol%) ofH2 (a, b), CO (c, d), CO2 (e, f) andCH4 (g, h) in the
conventional SR (a, c, e and g) and SESR (b, d, f and h). In the SR
process, in order to optimize the H2 production, the tempera-
ture and inlet steam-to-n-butanol ratios must be high. In this
case, between 950 and 1173 K, for steam-to-n-butanol ratios of
9:1e14:1, a H2 concentration between 69 and 72% is obtained,
with CO at concentrations of 11e20%. It is clearly seen that, in
the SESR process, the optimal conditions for H2 production are
shifted towards lower temperatures, 723e873 K. In this
temperature range, the CO and CO2 contents are enormously
decreased. Besides, for inlet H2O/C4H10Omolar ratios>8:1, theoles of carbon formed per mol of glycerol in (a) SR and (b)
Fig. 6 e Effects of temperature and steam-to-n-butanol ratio on the product gas concentration (mol%, on the dry basis). (a, b)
H2, (c, d) CO, (e, f) CO2 and (g, h) CH4. The plots (a, c, e, g) are for the conventional SR (without CaO) and (b, d, f, h) for the SESR
process. P[ 1 atm.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2067H2 concentration is greater than 95%, and the CH4 content is
lower than 5% (in the SR, under these conditions, CH4
concentration is of 7.0e35%). Again, it is noteworthy that the
separation of CO2 from the gas phase by CaO sorbents
promotes H2 and decreases CH4 and CO contents.Unfortunately, there is a lack of experimental research
dealing with hydrogen production by SR and SESR of n-
butanol. In this way, it is expected that the theoretical results
from the present work can be used as a guide in further
experimental investigation.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 520683.4.2. Carbon formation
Fig. 7 shows the effect of steam-to-n-butanol molar ratios and
temperature on the number of moles of carbon (graphite) in
the conventional SR (a) and SESR (b). During SR of n-butanol,
large amounts of carbon are produced. In fact, among all the
oxygenated hydrocarbons considered in this wok, the SR of n-
butanol produces the greatest amounts of graphite. For
instance, at 600 K, an inlet H2O/C4H10O molar ratio close to 7:1
should be used to avoid carbon deposition over the catalyst.
This result is in agreement with the findings of Nahar and
Madhani [4]. Besides, in the temperature range of 800e950 K,
for steam-to-n-butanol ratios between 2:1 and 3:1, the
graphite formation is increased (1.7e1.9 moles per mol of n-
butanol), which can be attributed to an increase in thermal
decomposition of n-butanol [4]:
C4H10O/COþ 2CH4 þH2 þ C (22)
In the SESR process, carbon formation is greatly inhibited at
low and moderate temperatures. Thus, lower inlet H2O/
C4H10O molar ratios can be used. For example, with a steam-
to-n-butanol ratio of 3:1, carbon deposition is prevented at
temperatures below 800 K. Under these conditions, in the SR
process, the moles of carbon would be between 1.3 and 1.5.3.5. Methanol/steam system
3.5.1. Product distribution in the gas phase
Fig. 8 illustrates the effects of temperature and steam-to-
methanol (H2O/CH4O) molar ratios on the dry basis concen-
tration (mol%) of H2 (a, b), CO (c, d), CO2 (e, f) and CH4 (g, h) in
the SR (a, c, e and g) and SESR (b, d, f and h). In the SR process,
the highest concentrations of H2, 71e74%, are found for inlet
H2O/CH4O molar ratios greater than 2:1 at high temperatures
(950e1100 K). In this temperature range, at moderate inlet
steam-to-methanol ratios of 2:1e4:1, the CO content is
between 8 and 18%, the CO2 concentration is of 12e19%, while
CH4 concentration is lower than 1%. On the other hand, in the
SESR process, for inlet H2O/CH4O molar ratios of 2:1e4:1, it is
possible to produce H2 at concentrations of 98e99% in the
temperature range of 723e873 K. Under these conditions, the
CH4 concentration is greatly reduced due to CO2 capture
(compare Fig. 8g and h), and the CO and CO2 contents are
lower than 1.0%.Fig. 7 e Effect of temperature and steam-to-n-butanol ratio on m
SESR. P[ 1 atm.It is worth mentioning that many experimental works
dealing with conventional methanol steam reforming are
conducted over Cu-based catalyst [42,43], which means that
CH4 can be suppressed. However, the Cu-based catalysts
deactivate rapidly because of the sintering of the active Cu at
the operating temperature (723e873 K) of the SESR process.
For this reason, other catalysts such as Ni should be used in
the SESR of methanol, as in the Ref. [14]. In this way, CH4 was
considered in the compound basis set in the present study.
3.5.2. Carbon formation
Fig. 9 shows the effect of steam-to-methanol molar ratios and
temperature on the number of moles of carbon (graphite) in
SR (a) and SESR (b). Even in the conventional SR ofmethanol, it
is possible to see that this system exhibits low tendency to
deposit carbon. Themaximum production of carbon occurs at
500 K, for the inlet H2O/CH4O ratio of 0.5:1 (0.18 mol of carbon/
mol of methanol). The region of carbon formation is confined
to the H2O/CH4O molar ratios lower than 1:1 in the tempera-
ture range of 500e1000 K, which is in agreement with the
findings reported by Faungnawakij et al. [44] for a compound
basis set including graphite and methane. In the SESR of
methanol, carbon deposition is completely inhibited for all the
inlet steam-to-methanol ratios over the whole temperature
range.3.6. Thermal efficiency analysis
Fig. 10 shows the influence of temperature and steam-to-fuel
molar ratio on the thermal efficiency of ethanol (a, b), glycerol
(c, d), n-butanol (e, f) andmethanol (g, h) in SR (a, c, e and g) and
SESR (b, d, f and h). In the SR process, it can be seen that at
a certain temperature, the thermal efficiency of the process
increases with the increase of the inlet steam-to-fuel molar
ratio. In this case, as suggested by He et al. [30], the cost of the
energy for generating extra steam can be compensated by
promoting hydrogen production in the reforming process. At
temperatures lower than 1000 K, the effect of steam on the
thermal efficiency is noteworthy. At 873 K, the thermal effi-
ciency increases from 52 to 68%, 52 to 67%, and 38 to 57%, as
steam-to-fuel ratio increases from 3:1 to 9:1, for ethanol, glyc-
erol and n-butanol, respectively. For methanol, the efficiency
increases from 47 to 70%, as steam-to-methanol ratio isoles of carbon formed per mol of n-butanol in (a) SR and (b)
Fig. 8 e Effects of temperature and steam-to-methanol ratio on the product gas concentration (mol%, on the dry basis). (a, b)
H2, (c, d) CO, (e, f) CO2 and (g, h) CH4. The plots (a, c, e, g) are for the conventional SR (without CaO) and (b, d, f, h) for the SESR
process. P[ 1 atm.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2069increased from 0.5:1 to 4:1. In the case of glycerol, the thermal
efficiency values are in agreement with those reported by He
et al. [30] (53 and 69%, for steam-to-glycerol ratio¼ 3:1 and 9:1,
respectively). While in the SR process the highest values of
efficiency (67e70%) are concentrated in the temperature rangeof 900e1000 K, in the SESR process the optimal efficiencies
(80e87% in the case of methanol, and 79e83% in the other
cases) are shifted towards lower temperatures, in the range of
723e873 K. Thus, it can be seen that the thermal efficiency of
the process is closely correlated to the hydrogen production. It
Fig. 9 e Effect of temperature and steam-to-methanol ratio on moles of carbon formed per mol of methanol in (a) SR and (b)
SESR. P[ 1 atm.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 52070is worth pointing out that the use of lower temperatures could
bring beneficial effects on the life of the catalysts and the
constructionmaterials of the reformers [45]. In addition to this,
for all the fuels analyzed, it should be observed that in the SESR
process the highest efficiencies occur in a limited range of
steam-to-fuel ratio. In the case of methanol (Fig. 10h), this
behavior is remarkable. For this fuel, at 775 K, the thermal
efficiency of the process increases from 60 to 86% as steam-to-
methanol increases from 0.5:1 to 2.5:1. At this same tempera-
ture, however, with a greater amount of steam in the inlet
mixture, for example, a steam-to methanol ratio equal to 9:1,
the thermal efficiency is decreased to 65%. As can be observed
in Fig. 8b, the hydrogen concentration is nearly constant,
increasing only slightly (97.5e99.9%), in the steam-to-meth-
anol range of 2:1e14:1, when the temperature is between 723
and873 K. Thus, it is clearly seen that the small benefit brought
by theenhancement in theH2concentration ismitigatedby the
energy cost of steam generation, which is in agreement with
theoretical results reported for glycerol [30]. For n-butanol, this
behavior is also observed. Since such a fuel requires high
amounts of steam, the optimal efficiencies occur for a steam-
to-n-butanol ratio in the range of 8.5:1e14:1. For higher
amounts of steam, the thermal efficiency starts to decrease.3.7. Pressure effect on the SESR process
Fig. 11 illustrates the pressure effect on the dry basis
concentration of H2 (mol%) and CO, CO2 (ppm) in the SESR of
ethanol (aec), glycerol (def), n-butanol (gei) and methanol
(jel). In all the cases, the H2 concentration slightly decreases
as the pressure is increased. In fact, at higher pressures, Eq.
(19) is shifted towards the products, favoring CaO hydration.
Thus, H2Omore easily reacts with CaO to form Ca(OH)2. In this
way, the inhibition of methane steam reforming leads to
higher CH4 concentrations, decreasing the H2 concentration.
Besides, increasing operating pressure reduces CO and CO2
contents, which can be attributed to the enhancement of CO2
capture (Eq. (3)). In the temperature range of 723e898 K, the H2
concentration is nearly constant. However, the CO and CO2
contents increase greatly over the same temperature range. In
this way, for single-step operation, in which high-purity H2 is
required, with CO concentrationwithin the 20 ppmneeded forPEMFC applications, the operation temperature should be in
the range of 723e773 K, at P¼ 3e5 atm. Besides, a suitable
inlet steam-to-fuel molar ratio should be selected in order to
obtain H2 >97% with extremely low CO content. In fact, the
greater the inlet steam-to-fuelmolar ratio, the lower the effect
of pressure on the H2 concentration. In the case of ethanol and
methanol, the theoretical results of the present work are
corroborated by the experimental results reported by Lysikov
et al. [14]. Those authors verified that both lower outlet reactor
temperature and higher reforming pressure were responsible
for very low residual levels of CO and CO2. For ethanol and
methanol, the experimental conditions used in that study
were: P¼ 3 atm, steam-to-ethanol ratio¼ 5:1 and steam-to-
methanol ratio¼ 4:1. In the SESR process, they used an
admixture of CaO sorbent with Ni reforming catalyst for both
hydrocarbons. As can be seen in Fig. 11b, in the case of ethanol
SESR at P¼ 3 atm, the theoretically predicted H2 purity is
97.5%, while the CO and CO2 contents are of 23 and 51 ppm,
respectively, at 773 K. In Ref. [14], it is observed that, during
the time range of 600e1200 s of ethanol reforming, the outlet
reactor temperature is w773 K. Under these conditions, Lysi-
kov et al. report a hydrogen purity of 98e99%with both CO and
CO2 impurities of about 10e20 ppm. In this way, it is clearly
seen that experimental results and thermodynamic predic-
tions are in reasonable agreement. It should be pointed out
that Lysikov et al. successfully fed a PEMFC stack with the H2
produced by the single-step ethanol SESR without any loss of
efficiency. In the case of methanol SESR, those authors report
the same reformate composition as that of ethanol. Atw600 s
ofmethanol SESR, the outlet reactor temperature wasw723 K.
As can be seen in Fig. 11l, at this same temperature (723 K), at
P¼ 3 atm, the H2 purity is 99.6% with CO and CO2 contents of
1.4 and 11 ppm, respectively. It is worthmentioning that in all
the cases shown in Fig. 11 carbon deposition is thermody-
namically unfeasible.3.8. Summary of the optimal operating conditions for
the SESR process
Table 2 shows the optimal conditions for the SESR of ethanol,
glycerol, n-butanol and methanol. For all the hydrocarbons, it
can be seen that it is possible to obtain a H2 purity ofw99% at
Fig. 10 e Effect of temperature and steam-to-fuel molar ratio on the thermal efficiency (%) of ethanol (a, b), glycerol (c, d), n-
butanol (e, f) and methanol (g, h) in SR (a, c, e and g) and SESR (b, d, f and h) processes. P[ 1 atm.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 2071P¼ 1 atm and T¼ 848 K. However, at atmospheric pressure,
the condition required from CO concentration <20 ppm for
the PEMFC application is not possible to be achieved. In this
way, a further process (the preferential CO oxidationperformed in a COPROX reactor) is necessary. For comparison
purposes, the product gas concentration obtained in the
conventional SR process is also shown. As can be seen, the H2
content is greatly reduced (64e71%), in comparison with the
Fig. 11 e Pressure effect on the SESR process of ethanol (aec), glycerol (def), n-butanol (gei) and methanol (jel). The solid
lines refer to H2, and the markers refer to (,) CO and (A) CO2. P[ 1 (blue), 3 (red) and 5 atm (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 52072SESR process at the same T and P, and the CO content is too
high for PEMFC applications. Thus, in the conventional SR,
both the WGS and COPROX reactors are necessary afterward.
Interestingly, as can also be observed in Table 2, at 773 K and
P¼ 5 atm, it is possible to obtain, via the SESR process, high H2
concentrations (over 97 mol%) along with CO contents around
10 ppm and a thermal efficiency greater than 76%. In this way,
it is clearly seen that, by increasing the pressure from 1 to
5 atm and simultaneously decreasing the temperature from
848 to 773 K, high-purity H2 for PEMFC anode can be produced
in a single-step SESR process. Thus, further purification
involving WGS and COPROX reactors would be unnecessary.
In order to achieve such a reformate composition and high
thermal efficiencies, the optimized steam-to-fuel molar ratiosindicated in Table 2 are 6:1, 9:1, 12:1 and 4:1 for ethanol,
glycerol, n-butanol and methanol, respectively, with CaO in
the stoichiometric ratio to carbon atom.
It is worth pointing out that the values presented in this
study for the SESR process, with respect to the reformate
composition and thermal efficiency, were estimated based
only on a thermodynamic analysis. As shown in a recent
experimental study [46], due to the distributed nature of a real
SESR reactor, part of the hydrogen inevitably goes to the
regeneration exhaust instead of the product gas. Obviously,
such an undesirable effect would affect the efficiency of the
SESR process, because, as shown in Section 3.6, the thermal
efficiency is closely correlated to the hydrogen concentration
in the product gas.
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 5 20734. Conclusions
Thermodynamic analysis of steam reforming of different
oxygenated hydrocarbons (ethanol, glycerol, n-butanol and
methanol) with and without CaO as CO2 sorbent is carried out
to determine favorable operating conditions to produce high-
quality H2 gas. The influence of steam-to-fuel feedmolar ratio
and temperature on the product gas concentration is inves-
tigated for both cases. For the steam reforming of all the fuels
considered in this work, the main species present at equilib-
rium are H2, CO, CO2, CH4, H2O and C (graphite), over the
whole range of conditions examined. Besides, the oxygenated
hydrocarbons analyzed in this study behave similarly during
the reforming process. Indeed, both conventional SR and SESR
are fuel flexible processes. In the conventional SR, for inlet
steam-to-carbon ratios of 2:1e4:1 in the case of methanol and
2:1e3:1 in the other cases, the highest concentrations of H2
(70e72, 65e66, 68e71 and 70e73 mol%, for ethanol, glycerol, n-
butanol and methanol, respectively) can be obtained at
elevated temperatures (w973 K) together with high amounts
of CO (>5%). In the SESR, however, high-purity H2 (>97%) can
be obtained with low contents of CO, CO2 and CH4 in the
temperature range of 723e873 K. In addition, the separation of
CO2 from the gas phase greatly inhibits carbon deposition at
low and moderate temperatures. In the case of methanol, the
use of CaO sorbent prevents the carbon formation over the
whole range of operational conditions investigated.
Under atmospheric conditions, in the conventional SR
process, the highest values of efficiency (67e70%) are concen-
trated in the temperature range of 9001000 K, whereas in the
SESR process the optimal efficiencies (80e87% in the case of
methanol, and 79e83% in the other cases) are shifted towards
lower temperatures, in the range of 723e873 K.
For all the oxygenated hydrocarbons, thermodynamic
predictions indicate that high-purity hydrogenwith CO content
within 20 ppm, required for PEMFC applications, can be directly
producedbyasingle-stepSESRprocess inthetemperature range
of 723e773 K at pressures of 3e5 atm. Thus, further processes
involving wateregas shift (WGS) and preferential CO oxidation
(COPROX) reactors are not necessary. In the case of ethanol and
methanol, the theoretical findings of the present analysis are
corroborated by experimental results from literature. In the
other cases, the results could provide an indication of the
starting point for experimental research. At P¼ 5 atm and
T¼ 773 K, it ispossibletoobtainH2atconcentrationsover97mol
% with CO content around 10 ppm and a thermal efficiency
greater than 76%. In order to achieve such a reformate compo-
sition, the optimized steam-to-fuelmolar ratios are 6:1, 9:1, 12:1
and 4:1 for ethanol, glycerol, n-butanol and methanol, respec-
tively, with CaO in the stoichiometric ratio to carbon atom.
In this way, the SESR technology represents a potential
low-temperature method for high-quality H2 production with
low tendency to deposit carbon. Moreover, the use of lower
temperatures could bring beneficial effects on the life of the
catalysts and the construction materials of the reformers.
Besides these technological aspects, other advantages of the
SESR are expected, such as easy CO2 sequestration. In this
case, the use of biofuels in conjunction with SESR could be
a potentially viable carbon-negative process [47].
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 0 5 7e2 0 7 52074It is worth pointing out that, in this work, a mixture of
water and pure fuel was assumed throughout the simulations.
However, a crude biofuel contains impurities, such as esters,
amine, formates, and sulfates. Further theoretical/experi-
mental investigations should be carried out taking into
account the effect of these impurities in the production of
high-quality H2 stream with low contents of CO and CO2.
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